Purpose of Review The influence of gut bacteria upon host physiology is increasingly recognized, but mechanistic links are lacking. Diseases of energetic imbalance such as obesity and diabetes represent major risk factors for cardiovascular diseases such as hypertension. Thus, here, we review current mechanistic contributions of the gut microbiota to host energetics. Recent Findings Gut bacteria generate a multitude of small molecules which can signal to host tissues within and beyond the gastrointestinal tract to influence host physiology, and gut bacteria can also influence host digestive efficiency by altering the bioavailability of polysaccharides, yet the quantitative energetic effects of these processes remain unclear. Recently, our team has demonstrated that gut bacteria constitute a major anaerobic thermogenic biomass, which can quantitatively account for obesity. Summary Quantitative understanding of the mechanisms by which gut bacteria influence energy homeostasis may ultimately inform the relationship between gut bacteria and cardiovascular dysfunction.
Introduction Energy Balance and Hypertension
Obesity and hypertension are strongly correlated in humans [1] [2] [3] . A gross majority (71%) of patients with diabetes also experience hypertension [4] . The American Heart Association has published that obesity and related metabolic disorders represent the single greatest challenge to improve cardiovascular health [5, 6] . Thus, it is becoming increasingly clear that cardiovascular health is inextricably linked to metabolic health. Understanding the obesity epidemic and developing novel approaches to prevent weight gain and maintain weight loss should therefore be of growing interest to cardiovascular researchers.
Obesity is the result of a small but chronic imbalance of energy input and output [7] . While extensive lifestyle interventions can improve the effectiveness of behavioral interventions such as diet and exercise, successful long-term weight loss using these approaches in isolation has been routinely demonstrated as insufficiently efficacious for most adults [8] . Surgical interventions are highly effective but due to risks of complications are only reserved for morbidly obese patients. Pharmacological interventions which modify digestive efficiency, such as the FDA-approved compound Orlistat (Alli, Xenical, Tetrahydrolipstatin), are useful to promote a few kilograms of weight loss, but insufficient to completely reverse obesity [9] . Notably, a recent multi-year follow-up study of human subjects participating in an extreme weightloss program discovered that all of the patients regained essentially all of their pre-program participation weight specifically due to a suppression of baseline resting metabolic rate (RMR) (known as RMR adaptation) [10•] . Pharmaceutical interventions which modify RMR are exceptionally powerful at promoting weight loss, yet currently available compounds to promote RMR are woefully dangerous due to small therapeutic dosing windows [11] . Collectively, these findings underscore the complex array of interacting behavioral and biological mechanisms which influence energy balance and highlight the promise of targeting RMR-we simply need safer interventions (drugs, supplements, diets, or other approaches) which work through stimulating RMR.
A Role for Gut Bacteria in Energy Balance
Strong evidence supports a role for gut bacteria (the gut microbiota) in energy balance [12] . Early studies investigating a role for altered gut bacteria in host metabolism demonstrated that the host environment contributes to the composition of the gut microbiota and that the gut microbiota contributes to digestive efficiency of the host.
While there is substantial diversity in the composition of gut bacteria across individual humans, there exists a relatively consistent "core" genetic composition of the microbiome that is consistent between individuals, and disease states such as obesity are associated with phylum-level shifts [13] . Whether these shifts are the cause or effect of the disease state is unclear. For example, animals made obese due to loss of the leptin gene (ob/ob mice) exhibit shifts in the gut microbiome [14] . Similarly, diet changes can cause major shifts in the gut microbiome and body weight [15] [16] [17] [18] . Antibiotic administration to promote accelerated growth has also been used for many decades in the agricultural industry, and chronic lowdose antibiotic administration in laboratory mice similarly potentiates weight gain [19, 20] . In contrast, transplant of fecal bacteria from obese vs lean humans [18] or obese vs lean donor mice [21• ] to naïve mice causes differential weight gain in the recipients. The composition of the gut microbiome may also change to meet the metabolic demands of the host organism, such as during reproduction and growth [22] , or to predispose the host toward specific immune profiles and growth trajectories [23] . Thus, it is most likely that the microbiotahost relationship is bi-directional. The concept that the gut bacteria and host are commensal and co-evolved is supported by the divergence in abundance and identity of gut bacteria at the species level between hosts (e.g., mouse vs human), despite the generalized maintenance of similar gut bacteria at the division/superkingdom level in these same hosts [14] .
Collectively, these studies have led to the working hypotheses that the gut microbiota contributes to whole-organism energetics, including effects upon host tissue energy flux and upon energy flux through the biomass of bacteria itself, and that the relative abundance of distinct species of bacteria modifies the contributions of the gut microbiota to host energetics.
Modulation of Host Energetics by Gut Bacteria: Digestive Efficiency
Digestive efficiency, or the efficiency of the gastrointestinal tract to extract calories from ingested food, is a major contributor to energy balance. Inhibition of fatty acid absorption by the pancreatic lipase inhibitor Orlistat results in relatively rapid weight loss in humans with normal to high dietary fat content [9] . The ability of bacteria to metabolize polysaccharides, which are otherwise unavailable for absorption by the host, [24] and the location of bacteria within the gastrointestinal tract prompt the hypothesis that these microorganisms may contribute to digestive efficiency.
Multiple studies have supported the concept that gut bacteria contribute to the regulation of digestive efficiency and that changes in the composition of the gut microbiota may affect host weight changes through this mechanism [24] . Compared to the digestive efficiency of germ-free mice colonized with gut bacteria from wildtype control mice, germ-free mice colonized with gut bacteria from ob/ob mice exhibited a significant reduction in digestive efficiency and increased fat gain [25] . Germ-free animals express higher levels of angiopoietin-like 4 (Angptl4), an endogenous inhibitor of lipoprotein lipase, which reduces triglyceride absorption and deposition in adipose tissues [26, 27] . In addition, angiopoietin-like 4 levels inversely correlate with body mass index in matched human twin pairs [28] .
In addition to processing polysaccharides to make them bioavailable to the host, the gut bacteria process various substrates such as lipids, carbohydrates, proteins, and amino acids to produce various substrates for the host organism [29] [30] [31] . Examples include short-chain fatty acids like acetate, butyrate, and proprionate, in addition to vitamins such as folate, biotin, riboflavin, cobalamin, vitamin K, and bile acids (reviewed in [12] ).
Together, these studies clearly and qualitatively document a role for the gut microbiota in the control of digestive efficiency, but critically these studies do not attempt to determine whether observed changes in digestive efficiency quantitatively account for the observed weight changes in the host organisms. In other words, what fraction of host weight gain/loss is due to changes in digestive efficiency caused by the modification of the gut microbiome? It remains unclear whether other energy flux mechanisms may quantitatively contribute to the effects of gut bacteria upon host energetics, and the failure of the field to comprehensively assess other mechanisms may result from the technical challenges of measuring the forms of energy metabolism performed by bacteria within the lumen of the gastrointestinal tract.
Energy Utilization by Gut Bacteria: Anaerobic Resting Metabolism
Gut bacteria are constantly growing and dividing, and thus it would be naïve to ignore the flux of energy through these organisms when calculating total energy utilization of a host. The NIH Human Microbiome Project has estimated that bacteria contribute roughly 1-3% of the host's total body mass [32, 33] . For a standard 90-kg man, this equates to between 0.9 and 2.7 kg of bacteria. Using the estimated metabolic rates of prokaryotes of approximately 8 W/kg (or 7 kcal/h/kg) [34] , the biomass of bacteria could therefore be expected to contribute between 7 and 22 W (or 6-19 kcal/h, or 144-456 kcal/d), which represents between 7 and 22% of a typical 97 W (or 83 kcal/h, or 2000 kcal/d) adult human caloric turnover. As obesity in developed countries such as the USA has been estimated to be the result of a chronic energy imbalance gap on the order of 30 kJ/d (or 7 kcal/d) [7] , this implies that the energy flux through the gut bacteria biomass itself is between 20 and 65 times greater than required to explain human obesity, even without considering any of the complex signaling interactions between the microbiota and the host or the effects of the bacteria upon digestive efficiency. Therefore, it is prudent to investigate how small changes to the composition of the gut microbiota could influence energy flux, and thus, body mass.
The gut microbiota exists in a largely anaerobic environment within the lumen of the gastrointestinal tract. Thus, it is expected that any energy flux through this biomass will be anaerobic in form. Unfortunately, the field is ill-equipped to assess anaerobic metabolism in the in vivo setting, as the majority of researchers utilize only respirometry-based "indirect" calorimetry methods. Respirometry-based methods involve the measurement of respiratory gasses (oxygen consumption and carbon dioxide production), and then the application of empirically derived formulae to estimate metabolic rates. Because these methods estimate metabolic rate based upon oxygen consumption, they remain blind to anaerobic processes [35] [36] [37] . By extension, many investigators fall into the trap of intentionally or unintentionally ignoring the energy flux through the biomass of the gut bacteria, simply because it is an endpoint for which they are unequipped to measure.
In contrast to respirometry-based methods to assess metabolic rates, direct calorimetry methods involve the assessment of all forms of energy flux through a subject by measuring all forms of heat retention and dissipation by the subject [35] . By coupling a direct calorimetry chamber (to measure total metabolism) with a series of respiratory gas analyzers (to simultaneously assess aerobic metabolism), investigators can estimate the contribution of anaerobic metabolism to the total. While no commercially available sources of such equipment currently exist, such systems have been independently developed in a handful of physiology laboratories around the globe.
In the 1970's, Jéquier's group utilized a combined calorimetry system to assess metabolic rate in human subjects. They demonstrated that in lean men [38] and women [39] , aerobic resting metabolism accounts for roughly 90% of total resting metabolic rate. Interestingly, total resting metabolic rate is reduced in obese women compared to lean women, and the relative contribution of anaerobic metabolism to the total was completely abolished in obese women [39] . These findings establish a physiologically significant contribution of anaerobic metabolism to total energy expenditure (roughly 10%) and correlate the loss of anaerobic metabolism with obesity in humans.
Anaerobic metabolism has also been documented in nonhuman species. In 2005-2006, Walsberg and Hoffman demonstrated that in selected endothermic organisms (kangaroo rats, quail, and doves), anaerobic metabolism contributes between 15 and 40% of total resting metabolism [40] . The team then demonstrated that anaerobic metabolism did not contribute any substantial fraction of total energy expenditure in an ectotherm (ball python) [41] . The van Breukelen team has also recently demonstrated anaerobic metabolism in desert pupfish even in the absence of anoxia (paradoxical anaerobism) [42] . In 2013, our team demonstrated that anaerobic metabolism accounted for roughly 10% of total energy expenditure in laboratory mice (both C57BL/6J and FVB/NCrl strains) [43] . In addition, we have subsequently determined that various interventions modify the contribution of anaerobic metabolism to total metabolism in these inbred mouse strains. For example, genetic disruption of the angiotensin II type 2 receptor (Agtr2) on the FVB/NCrl background strain significantly reduced anaerobic metabolism [43] . Similarly, feeding mice a 45% high fat diet (HFD) for just 1 week resulted in the complete loss of anaerobic metabolism in C57BL/6J mice [44] . We have subsequently demonstrated that the Agtr2 and diet composition are both critically important in the control of digestive efficiency [45] , which leads back to the hypothesis that gut bacteria may be responsible for the changes in anaerobic metabolism observed with these manipulations.
To further probe the hypothesis that gut bacteria contribute to total energy expenditure through anaerobic energy utilization, we have also examined the effect of direct manipulations of the gut microbiota upon resting metabolism. Risperidone is an antipsychotic drug used in humans for the treatment of hyperactivity disorders and schizophrenia, but its use frequently leads to the unintended side effect of excessive weight gain. We have recently demonstrated that risperidone treatment in children results in robust changes in the composition of the gut microbiome [46] . Similarly, we have documented robust effects of risperidone upon the gut microbiome in mice which correlate with excess weight gain [21•] . To assess a role for the transformed gut microbiome in the excess weight gain associated with risperidone, we performed a fecal transplant experiment. Mice were treated with vehicle or risperidone, and stool samples were collected. Bacteria isolated from these fecal samples were then transplanted into the gut of naïve recipient mice via gastric gavage. Critically, we determined that the amount of active risperidone remaining in the transplanted fecal bacteria sample was 100-fold lower than the dose required to cause any body mass changes. Mice receiving fecal bacteria from vehicle-treated donor mice exhibited no changes in resting metabolism. In contrast, mice receiving bacteria from risperidone-treated donor mice exhibited a 16% reduction in total resting metabolic rate, due almost entirely to the loss of anaerobic metabolism [21•] (notably, a 16% reduction in resting metabolism in a human would be the functional equivalent of consuming an extra 300 kcal cheeseburger per day.). Excitingly, we also determined that transplant of bacteriophage isolated from the feces of risperidone but not vehicle-treated mice was also sufficient to cause excess weight gain through a suppression of energy expenditure [21•] . Collectively, these results illustrate the very large contribution of gut bacteria to total energy flux, highlight the predominant role of anaerobic metabolism in this effect, and prompt the consideration of the potential metabolically therapeutic benefits of manipulating the gut microbiome via bacteria or phage transplant procedures.
The Gut Microbiome and Hypertension
Dysfunctional energy homeostasis disorders including obesity and diabetes (which are linked to gut dysbiosis) represent major risk factors leading to, and resisting the reversal of, cardiovascular diseases such as hypertension [47] . A team led by Raizada and Pepine have provided experimental evidence supporting a role for the gut microbiota in hypertension and possibly resistant hypertension. Spontaneously hypertensive rats (SHR), rats infused with exogenous angiotensin II, and human hypertensive patients exhibit changes in their gut microbiome including a shift toward an increased firmicutes/ bacteroidetes ratio [48•] . Chronic administration of the antibiotic, minocycline [48•] , or the short-chain fatty acid, butyrate [49] , to rats infused with angiotensin reversed this ratio and attenuate the hypertension in this model. In a recent case-report, a potent antihypertensive effect was observed in a human with resistant hypertension [50•] . Further, changes in intestinal structure and function correlate with hypertension in the SHR model [51] , and thus it is proposed that a bi-directional relationship between host cardiovascular function and gut bacteria exists, which may involve a complex interaction among hypothalamic inflammation, the autonomic nervous system, and host immune functions [52, 53] . How these mechanisms cross talk with energy homeostasis remains Fig. 1 Evidence supports effects of the gut microbiota upon almost all forms of energy input or output. Food intake maximally limits the calories input into the host animal, but digestive efficiency scales the fraction of calories actually absorbed from food, versus those lost to the stool, which subsequently defines (100%) the calories that must be balanced by output mechanisms. Physical activity typically accounts for roughly 30% of caloric output in mammals, whereas resting metabolic processes account for the balance of energy expenditure, including both aerobic (55-70% of output) and anaerobic (0-20% of output) processes. Because the relative contribution of each of these processes is in gross excess of the imbalance between input and output which accounts for human obesity (<0.5%), all of these processes are positioned to significantly contribute to the pathogenesis, maintenance, and reversal of obesity. Evidence reviewed herein highlight the major contributions of the gut microbiota to the control of digestive efficiency and anaerobic resting metabolism speculative but not unexpected, given the implication of such systems and pathways in the control of host RMR [54] [55] [56] [57] .
Conclusions
In summary, increasing evidence supports a multifaceted role for the gut microbiota in the control of energy homeostasis including direct actions to influence both digestive efficiency and anaerobic resting metabolism (Fig. 1) . It has also been hypothesized that the gut microbiota functions as a previously unappreciated endocrine organ, producing and releasing an enormous array of compounds which may act upon host tissues to alter metabolic function and appetite [58] . In addition, the host-microbiome relationship is bi-directional, as diets and host genetics have considerable effects upon the composition of the gut microbiota.
Therefore, mechanisms by which the gut microbiota influences energy homeostasis may directly or indirectly influence cardiovascular function and dysfunction. Understanding whether such cardiovascular effects are mediated through interactions between gut bacteria and the host immune system or enteric nervous system, through a complex regulation of energy substrate format and availability, or some other unknown mechanism remains to be determined. Nonetheless, the quantitative involvement of the gut microbiota in multiple aspects of animal energetics is undeniable, which identifies these microorganisms as novel and largely untapped therapeutic targets for a wide array of cardiometabolic diseases.
